Mutation of the von Hippel-Lindau (VHL) tumor suppressor protein at codon 200 (R200W) is associated with a disease known as Chuvash polycythemia. In addition to polycythemia, Chuvash patients have pulmonary hypertension and increased respiratory rates, although the pathophysiological basis of these symptoms is unclear. Here we sought to address this issue by studying mice homozygous for the R200W Vhl mutation (Vhl R/R mice) as a model for Chuvash disease. These mice developed pulmonary hypertension independently of polycythemia and enhanced normoxic respiration similar to Chuvash patients, further validating Vhl R/R mice as a model for Chuvash disease. Lungs from Vhl R/R mice exhibited pulmonary vascular remodeling, hemorrhage, edema, and macrophage infiltration, and lungs from older mice also exhibited fibrosis. HIF-2α activity was increased in lungs from Vhl R/R mice, and heterozygosity for Hif2a, but not Hif1a, genetically suppressed both the polycythemia and pulmonary hypertension in the Vhl R/R mice. Furthermore, Hif2a heterozygosity resulted in partial protection against vascular remodeling, hemorrhage, and edema, but not inflammation, in Vhl R/R lungs, suggesting a selective role for HIF-2α in the pulmonary pathology and thereby providing insight into the mechanisms underlying pulmonary hypertension. These findings strongly support a dependency of the Chuvash phenotype on HIF-2α and suggest potential treatments for Chuvash patients.
Introduction
Cellular adaptation to low oxygen, or hypoxia, is primarily mediated by the hypoxia-inducible factor (HIF) family of transcription factors. HIFs are heterodimers of an α and a β subunit that activate the expression of a broad range of targets involved in processes such as glycolysis, angiogenesis, and erythropoiesis (1) . There are 2 primary HIF-α isoforms, HIF-1α and HIF-2α; HIF-1α regulates the expression of glycolytic enzyme genes including phosphoglycerate kinase (PGK1), whereas HIF-2α activates the expression of erythropoietin (EPO) (2) (3) (4) . In addition, a number of other targets are preferentially induced by HIF-2α in many cell types, such as vascular endothelial growth factor (VEGFA) and plasminogen activator inhibitor-1 (SERPINE1, also known as PAI-1) (2, 5, 6) .
HIF activity is controlled through the regulation of α subunit protein stability by the von Hippel-Lindau (VHL) tumor suppressor protein (pVHL). pVHL functions as the substrate recognition component of an E3 ubiquitin ligase complex that targets HIF-α proteins for oxygen-dependent degradation (7) (8) (9) (10) (11) . VHL mutations are typically associated with a hereditary cancer syndrome known as VHL disease, which is characterized by predisposition to the formation of highly vascular tumors within specific tissues (12) . Loss of pVHL impairs HIF regulation, resulting in constitutive and inappropriate stimulation of HIF target genes (10) . In addition, although most VHL mutations disrupt the HIF pathway, HIF-independent functions of pVHL are also important for tumor suppression, particularly the regulation of ECM assembly and control of apoptosis via suppression of JunB (13) (14) (15) (16) .
Unlike most VHL mutations, germline homozygosity for the 598C>T mutation in exon 3 does not result in tumor formation but rather is associated with development of Chuvash polycythemia. This autosomal recessive disease is endemic to the Chuvash region of Russia and the Italian island of Ischia but has also been found among patients of diverse ethnicities (17) (18) (19) (20) (21) (22) (23) (24) . Chuvash polycythemia is defined by increased hemoglobin and hematocrit, elevated serum levels of EPO, VEGF, and PAI-1, and hypersensitivity of erythroid progenitors to EPO (18, 19, 21, 22, 24) . Furthermore, this form of polycythemia is associated with an enhanced risk of both hemorrhage and thrombosis, leading to premature mortality (19, 21, 25) . The 598C>T transition results in substitution of tryptophan for arginine at codon 200 (R200W in humans) at the C terminus of pVHL; this residue is located in a region shown to stabilize the pVHL-HIF-α interaction and to promote complete HIF-α ubiquitination, suggesting that dysregulated HIF activity may play a role in this disease (17, 18, 26) .
In addition to polycythemia, Chuvash patients are also susceptible to developing pulmonary hypertension (27, 28) , which can be induced by hypoxia and is defined as an increase in resistance to blood flow due to vascular remodeling in the lung (29) . It is often accompanied by the accumulation of ECM proteins and infiltration of immune cells and can eventually lead to compensatory hypertrophy of the RV wall of the heart (29) (30) (31) . Dysregulated expression of many HIF targets, including endothelin-1 (EDN1, also known as ET-1), SERPINE1, and platelet-derived growth factor-β (PDGFB), promotes pulmonary hypertension, inflammation, and fibrosis in animal models and in human patients (32) (33) (34) (35) (36) (37) . Importantly, HIF activation has been shown to contribute to the pathogenesis of pulmonary hypertension in vivo, as heterozygosity for either Hif1a (38) or Hif2a (Epas1, referred to as Hif2a hereafter) (39) delays the development of this phenotype in mice exposed to chronic hypoxia. In particular, decreased HIF-2α levels result in lower pulmonary pressure, the absence of RV hypertrophy, and reduced expression of ET-1 (39) . Furthermore, HIF-1α regulates pulmonary artery myocyte electrophysiology (40) (41) (42) and promotes the proliferation of vascular smooth muscle cells (43) , whereas HIF-2α enhances the proliferation and migration of pulmonary artery fibroblasts (44) .
In Chuvash patients, pulmonary arterial (PA) pressure is elevated nearly 2-fold at baseline, with average values of approximately 30-35 mmHg (27, 28) . Exposure to hypoxia provokes a greater increase in PA pressure in these patients (5- to 10-fold over that of controls to values approaching 60 mmHg), as well as increased respiratory rates (approximately 2-fold greater) (27) . Plasma ET-1 levels are also increased compared with those in controls, suggesting a role for HIF in this phenotype (28) . However, the exact mechanisms underlying this disease are not well understood, and the contribution of HIF activity and relationship to polycythemia remain unknown. In addition, it is not known whether the hypertension in these patients is accompanied by other pulmonary pathologies.
We previously generated mice expressing the R200W point mutation from the endogenous Vhl locus (Vhl R/R ); these mice develop polycythemia highly similar to the human disease (45) . Here we show that Vhl R/R mice also faithfully recapitulated the pulmonary hypertension and enhanced normoxic respiration observed in patients. Moreover, the R200W substitution resulted in additional pulmonary pathologies, including vascular remodeling, fibrosis, hemorrhage, edema, and macrophage recruitment. HIF-2α activity was upregulated in Vhl R/R lungs, and heterozygous expression of Hif2a, but not Hif1a, partially rescued most of these pulmonary phenotypes, as well as the polycythemia, in Vhl R/R mice. These results provide strong genetic evidence of the dependency of Chuvash disease on the HIF-2α isoform and suggest potential therapeutic strategies for treating patients.
Results
Vhl R/R mice develop PA hypertension. In order to quantitatively determine whether Vhl R/R mice developed pulmonary hypertension similar to Chuvash patients, we directly measured systolic PA pressure. As shown in Figure  1A , PA pressure was increased in older Vhl R/R mice (approximately 7 months old) compared with age-matched WT controls (38.7 ± 3.7 mmHg versus 25.0 ± 1.4 mmHg in WT mice, n = 12-13 measurements for each genotype, P < 0.001). Vhl R/R mice at this age are polycythemic (45) , as evidenced by elevated hematocrit levels ( Figure 1A , right, 55.1% versus 47.2% in WT mice, P < 0.0001). To investigate the relationship between the pulmonary hypertension and polycythemic phenotypes, we also determined PA pressure at 10 weeks of age, before there were significant changes in Vhl R/R hematocrit values ( Figure 1A , 49.4% versus 47.8% in WT mice, NS: P < 0.2) (45). Pulmonary hypertension was also present in these younger animals ( Figure 1A , 24.1 ± 1.4 mmHg versus 17.7 ± 1.0 mmHg in WT mice, n = 20-25 measurements, P < 0.0004), suggesting that the pulmonary phenotype develops prior to the onset and independently of polycythemia in Vhl R/R mice. Importantly, the magnitude of the increase in Vhl R/R PA pressure (approximately 1.5-fold) was similar to that observed in Chuvash patients (approximately 2-fold) (27, 28) . These results demonstrate that, in addition to the polycythemic phenotype, Vhl R/R mice also recapitulate this pulmonary aspect of Chuvash disease.
RV hypertrophy frequently occurs as a compensatory mechanism in response to pulmonary hypertension in humans to maintain efficient blood flow to the lungs in the face of increased vascular resistance (31) . Histologic analysis of Vhl R/R hearts revealed thickening of the RV wall in older mutant mice (7-8 months of age) compared with age-matched WT hearts ( Figure 1B, arrows) .
Figure 1
Vhl R/R (R/R) mice develop pulmonary hypertension. (A) Systolic PA pressure was increased 1.5-fold in older, polycythemic Vhl R/R mice (7 months of age) compared with WT controls (n = 12-13 per genotype). Elevated PA pressure was already present in 10-week-old Vhl R/R mice (1.4-fold greater, n = 20-25), prior to any significant increase in hematocrit (HCT) levels and the onset of polycythemia (**P < 0.001, ***P < 0.0004). (B) Vhl R/R hearts displayed RV hypertrophy (arrows) by 7 months of age. (C and D) Heart/body weight ratios (C, n = 18-21) and RV wall thickness (D, n = 11-17) were both significantly increased in older Vhl R/R mice (1.2-fold and 1.5-fold greater, respectively, **P < 0.009). (E) The distribution of fully muscularized (F), partially muscularized (P), and nonmuscularized (N) vessels was shifted in Vhl R/R lungs at both ages, with an increased proportion of fully muscularized vessels and a decrease in nonmuscularized vessels compared with WT animals (n = 4-5 per genotype at each age, **P < 0.006). Scale bars: 300 μm.
In agreement with this, both the average heart/body weight ratio ( Figure 1C , 0.58% ± 0.02% versus 0.49% ± 0.02% in WT mice, n = 18-21, P < 0.009) and average RV wall thickness ( Figure 1D , 430.5 ± 36.6 μm versus 283.4 ± 17.8 μm in WT mice, n = 11-17, P < 0.009) were significantly greater in these older Vhl R/R mice, confirming the presence of RV hypertrophy.
Increased pulmonary pressure is frequently marked by vascular remodeling due to enhanced muscularization of vessels within the lung, which contributes to vasoconstriction (29) . The medial layer surrounding pulmonary vessels was not significantly altered in Vhl R/R lungs, as immunohistochemical staining for α-SMA and morphometric quantitation did not reveal significant differences in the medial thickness of Vhl R/R pulmonary vessels (Supplemental Figure 1 , A-C; supplemental material available online with this article; doi:10.1172/JCI36362DS1). However, as shown in Figure  1E , the number of fully muscularized vessels (those completely surrounded by α-SMA staining) was significantly enhanced in Vhl R/R lungs at both 10 weeks (48.0% ± 2.2% versus 20.3% ± 4.3% in WT controls) and 7 months (59.8% ± 3.8% versus 38.3% ± 4.5% in WT mice). This was accompanied by a proportional decrease in nonmuscularized vessels in both age groups (21.3% ± 2.8% versus 52.8% ± 6.0% in WT lungs at 10 weeks; 12.5% ± 2.1% versus 19.6 ± 4.6% in WT lungs at 7 months; n = 4-5; P < 0.006) ( Figure  1E ). In agreement with this, total Acta2 mRNA expression (which encodes for α-SMA) was increased in Vhl R/R lungs (Supplemental Figure 1D , 1.4-fold, P < 0.02).
Respiration is increased in Vhl R/R mice. In addition to pulmonary hypertension, both basal ventilation and hypoxic respiratory responses are elevated in Chuvash patients (27) . We therefore examined respiration in 7-to 8-month-old Vhl R/R mice using whole body plethysmography to measure respiration frequency (f), tidal volume (V T ), and minute ventilation (V E ) under both normoxia and hypoxia (Figure 2 , A-C). Baseline respiration was enhanced in Vhl R/R mice, similar to what is observed in Chuvash patients (27) , with significant increases in all 3 parameters under normoxic conditions (21% O 2 ) compared with WT controls. These elevations in f (219.0 ± 3.4 versus 171.2 ± 5.4 in WT mice, n = 42-48, P < 0.001), V T (7.0 ± 0.2 μl/g versus 6.2 ± 0.3 μl/g in WT mice, n = 43-48, P < 0.05), and V E (1.6 ± 0.05 ml/g/min versus 1.0 ± 0.04 ml/g/min in WT mice, n = 43-48, P < 0.001) in Vhl R/R mice were maintained under hypoxic conditions. However, unlike in humans with this mutation (27) , the respiratory response to hypoxia was not significantly enhanced in Vhl R/R animals. Mild to moderate hypoxia (18% and 15% O 2 ) did not induce respiratory changes above baseline (21% O 2 ) in either WT or Vhl R/R mice. In contrast, respiration was increased to a similar degree in both WT and Vhl R/R mice in response to more severe hypoxic stress (12% O 2 ) (Figure 2 , A and C; for f, 271.0 ± 5.6 versus 233.6 ± 6.0 in WT mice; for V E , 1.9 ± 0.08 ml/g/min versus 1.4 ± 0.07 ml/g/min in WT mice; n = 45, P < 0.001). This suggests that, although basal respiration is greater, respiratory sensitivity to hypoxia in mice is not dramatically altered by the R200W mutation.
To further examine respiratory efficiency and control, we analyzed arterial blood gas measurements from Vhl R/R mice and agematched WT controls at 7 months of age (Table 1 ). There was no change in PaO 2 or O 2 saturation (SaO 2 ) levels in Vhl R/R mice at 21% O 2 , indicating that mutant mice are not hypoxemic. However, SaO 2 levels were reduced in Vhl R/R mice under hypoxic conditions compared with WT controls, particularly at more severe hypoxia ( Figure 2D ; for 18%, 62.4 ± 6.0 mmHg versus 83.8 ± 3.4 mmHg in WT mice, P < 0.02; for 15%, 53.4 ± 9.7 mmHg versus 64.6 ± 7.5 mmHg in WT mice; for 12%, 22.3 ± 6.4 versus 56.7 ± 4.7 mmHg in WT mice, P < 0.005; n = 4), demonstrating that oxygen uptake in mutant lungs is impaired. Additionally, arterial PaCO 2 values were significantly decreased (approximately 6 mmHg lower; 37.9 ± 1.9 versus 31.74 ± 1.3 in WT mice) in Vhl R/R mice compared with WT animals and were accompanied by reductions in arterial HCO 3 -and total CO 2 (TCO 2 ) levels (Table 1) . These results are identical to the changes in arterial blood gases in Chuvash patients (27) and support the notion that the R200W Vhl mutation results in enhanced respiratory drive at baseline.
The R200W mutation promotes ECM deposition and pulmonary fibrosis. In order to investigate the mechanisms underlying the development of pulmonary hypertension in Vhl R/R mice, we evaluated the pathology of mutant lungs at 7-8 months of age. Of note, Vhl R/R lungs displayed more dramatic changes in the adventitial layer and in ECM protein regulation. For example, fibronectin deposition was enhanced and more disorganized in Vhl R/R lungs ( Figure 3B ), compared with that in WT controls, in which fibronectin was primarily localized around pulmonary blood vessels ( Figure 3A) . Furthermore, Masson's trichrome staining revealed focal areas of collagen accumulation within the alveolar space of Vhl R/R lungs ( Figure 3D , blue staining), unlike in WT controls, in which typically only basement membranes of the alveolar epithelium stained for collagen ( Figure 3C ). These results suggest that the R200W mutation disrupts ECM regulation within the lung, resulting in pulmonary fibrosis. Interestingly, the increase in collagen in mutant lungs was frequently localized adjacent to areas of hemorrhage ( Figure 3D , arrows) and macrophage infiltration ( Figure 3D , arrowheads). Electron microscopy (EM) analysis also indicated the presence of abundant collagen deposition (both longitudinal bundles and in cross section) in the interstitial space surrounding vessels in Vhl R/R lungs, as indicated by asterisks in Figure 3F and at higher magnification in Figure  3H . Quantitation of pulmonary hydroxyproline (OH-proline) content confirmed a significant increase in total lung collagen (132.0 ± 10.9 μg/lung versus 95.1 ± 5.8 μg/lung in WT mice, n = 5, P < 0.02) and the presence of mild fibrosis in older Vhl R/R lungs at 7 months of age (Figure 3I ). However, this enhanced collagen accumulation was not present in younger Vhl R/R mice at 10 weeks of age ( Figure 3I ; 74.8 ± 11.6 μg/lung versus 83.5 ± 4.7 μg/lung in WT mice, n = 4, NS: P < 0.5), indicating that fibrosis develops after the onset of pulmonary hypertension. Consistent with the pathology observed in older Vhl R/R mice, the number of cells positive for tenascin-C, which has been associated with pulmonary fibrosis (46), was 2.6-fold greater in mutant lungs at 7 months ( Figure 3J , 38.6% ± 4.6% versus 12.6% ± 1.8% in WT mice, n = 5, P < 0.0008).
Vhl R/R lungs display hemorrhage and edema. In addition to pulmonary fibrosis, Vhl R/R lungs exhibited regions of mild to moderate hemorrhage (compare Figure 4 , A and B, arrows). The degree of hemorrhage was quantitated by staining cytospins of bronchoalveolar lavage (BAL) fluid for hemosiderin, which is a marker of iron deposition or red blood cell phagocytosis and is commonly found in macrophages localized to areas of hemorrhage ( Figure  4 , C and D, asterisks). Although the number of hemosiderin-positive cells was only slightly increased at 10 weeks (10.8 ±1.9 cells versus 6.8 ± 2.1 cells in WT mice, n = 10, P < 0.16), there was a 4.8-fold increase in Vhl R/R lungs at 7 months (11.6 ± 4.4 cells versus 2.4 ± 0.6 cells in WT mice, n = 10, P < 0.05) ( Figure 4E ). The presence of hemorrhage suggested alveolar injury or endothelial dysfunction; however, staining for alveolar type II cells using the markers surfactant protein-B (SP-B) and surfactant protein-C (SP-C) was similar in WT and Vhl R/R lungs (Supplemental Figure  2 , A-D), indicating that Vhl R/R alveolar epithelial architecture was maintained. Alveolar size (Supplemental Figure 2E ) and capillary density (data not shown) were also not significantly different in Vhl R/R lungs compared with WT controls. In addition, we did not detect increased apoptosis in mutant lungs by cleaved caspase-3 staining (data not shown), indicating that epithelial cell survival was not significantly affected.
Histologic evaluation did suggest, however, a thickening of alveolar septa in Vhl R/R lungs, indicated by arrowheads in Figure 4F . This was supported by analysis of the pulmonary ultrastructure by EM, which revealed an expansion of Vhl R/R alveolar walls and the interstitial space (compare Figure 4 , G and H), demonstrating the presence of edema in mutant animals ( Figure 4 , H and J, arrowheads). Moreover, the endothelium lining Vhl R/R pulmonary vessels was thin, irregular, or discontinuous in some areas (Figure 4J, arrows) . This disruption in the pulmonary endothelium resulted in significantly increased numbers of cells ( Figure 4K , 237.1 × 10 3 ± 22.4 × 10 3 cells/ml versus 112.5 × 10 3 ± 5.3 × 10 3 cells/ml in WT mice, n = 10, P < 0.0001) and elevated total protein concentration ( Figure 4L ; 0.21 ± 0.02 mg/ml versus 0.17 ± 0.008 mg/ml in WT mice, n = 9-10, P < 0.08, trending toward significance) in the BAL fluid of 7-month-old Vhl R/R mice. Edema was also present in younger Vhl R/R mice, as total BAL protein concentration at 10 weeks of age was greater compared with that in controls ( Figure 4L ; 0.22 ± 0.02 mg/ml versus 0.18 ± 0.009 mg/ml in WT mice, n = 5, P < 0.08, trending toward significance). EM analysis of 10-week-old Vhl R/R lungs also revealed the presence of expanded interstitial space and convoluted endothelial cells (data not shown). Therefore, pulmonary endothelial integrity is compromised in the presence of the R200W Vhl mutation, leading to hemorrhage and edema and likely also contributing to the pulmonary hypertension phenotype.
Increased macrophage infiltration in Vhl R/R lungs. As stated above, we observed enhanced inflammatory cell recruitment, primarily of macrophages, to Vhl R/R lungs ( Figure 3D ), often in regions of hemorrhage and edema. In comparison to WT lungs ( Figure 5A ), macrophages with abundant, pink-staining cytoplasm were easily identified in H&E sections of Vhl R/R lungs, usually occurring in clusters ( Figure 5B, arrowheads) . These cells were sometimes
Figure 4
The R200W mutation causes pulmonary hemorrhage and edema. (A and B) Areas of mild to moderate hemorrhage were detected in Vhl R/R (B, arrows) compared with WT lungs (A) lungs at 7 months of age. (C-E) Hemorrhage was quantitated by scoring hemosiderin-positive cells in cytospins of BAL fluid (C and D, asterisks). The number of positive cells in Vhl R/R lungs was slightly increased (1.6-fold) at 10 weeks and significantly greater (4.8-fold) at 7 months of age (E, n = 10 per genotype, *P < 0.05). (F) Mutant lungs also displayed edema, evidenced by thickening of alveolar walls (arrowheads). (G-J) EM revealed marked thickening of alveolar walls and expansion of the interstitial space, confirming the presence of edema in Vhl R/R lungs (H and J, arrowheads) compared with WT controls (G and I). Furthermore, Vhl R/R endothelium was sometimes irregular and discontinuous (J, arrows). Asterisks in H indicate collagen deposition. (K and L) The number of cells (K, 2.1-fold) was increased in Vhl R/R lungs, as was the total BAL protein concentration at both ages (L, 1.2-fold) (n = 5-10; ***P < 0.0001; # P < 0.08, trending toward significance). Sections in A, B, and F were stained with Masson's trichrome. Scale bars: 20 μm (A, B, and F), 10 μm (C and D), 2 μm (G and H), 0.5 μm (I and J).
localized adjacent to lymphocytes ( Figure 5C , arrows) and at higher magnification appeared to contain a frothy, vacuolar cytoplasm indicative of phagocytosis ( Figure 5C , arrowheads). In agreement with this, a subset of Vhl R/R macrophages stained positively with Prussian blue, a marker of iron deposition (Supplemental Figure  3 , A and B, blue staining). These results suggest that macrophages may be recruited to Vhl R/R lungs in response to endothelial injury ( Figure 4J ) to phagocytose red blood cells in hemorrhagic regions. In addition to macrophages, there was also a trend (although not statistically significant, P < 0.2) toward enhanced infiltration of mast cells into Vhl R/R lungs and increased numbers of neutrophils in Vhl R/R BAL fluid (Supplemental Figure 3, C and D) .
The identity of these immune cells as macrophages was confirmed using 2 independent markers, CD68 (Supplemental Figure  3A) and Mac-3 ( Figure 5 , D and E, arrowheads). Macrophages were occasionally observed in WT lungs, but the number of Mac-3-positive cells was elevated 2-fold in Vhl R/R lungs at 7 months ( Figure 5F ; 19.1 ± 1.6 macrophages/field versus 9.4 ± 1.4 macrophages/field in WT mice, n = 6-9, P < 0.001). Increased macrophage infiltration was also detected in the lungs of younger Vhl R/R mice ( Figure 5F ; 8.1 ± 0.73 macrophages/field versus 5.9 ± 0.35 macrophages/field in WT mice, n = 7, P < 0.02), although the amount of infiltration was greater in older mutant animals. Furthermore, macrophages in Vhl R/R lungs often colocalized with increased fibronectin deposition ( Figure 5G , arrowheads indicate macrophages, and Figure 5H , brown staining indicates fibronectin) and with collagen accumulation ( Figure 5I , arrowheads point to macrophages, blue staining represents collagen). This finding suggests that the macrophages in Vhl R/R lungs may promote fibrosis through the stimulation of ECM production by fibroblasts.
HIF activity is upregulated in Vhl R/R lungs. HIF regulates the expression of many genes known to play a role in the pathogenesis of pulmonary hypertension (1) . To investigate the molecular mechanisms underlying the pulmonary pathology in Vhl R/R mice, we evaluated the expression of a panel of HIF target genes in Vhl R/R lungs and age-matched WT controls ( Figure 6, A and B) . The expression of many HIF target genes was elevated in the lungs of older Vhl R/R mice at 7-8 months of age ( Figure 6A , n = 11), as well as in younger mice at 10 weeks of age ( Figure 6B , n = 6). For example, the expression of Serpine1 (1.7-fold at both ages), Edn1 (2.2-fold in older mice and 3.3-fold in younger mice), and Pdgfb ligand (1.4-fold at both ages) was significantly upregulated ( Figure 6, A and B) . ET-1 protein was also upregulated in the lungs of older Vhl R/R mice, as determined by ELISA analysis of total lung tissue ( Figure 6C , 8.1 ± 1.6 pg/mg total protein versus 2.5 ± 0.4 pg/mg total protein in WT mice, n = 5, P < 0.004). In addition, the mRNA expression of stromal cell-derived factor-1α (Cxcl12), a chemokine that stimulates macrophage recruitment (47), was markedly increased at both ages (2.5-fold and 1.8-fold, respectively) in mutant lungs, as was that of hypoxia-induced mitogenic factor (Retnla, also known as Himf, 5.1-fold and 2.9-fold, respectively), a cytokine with proinflammatory and vasoconstrictive properties ( Figure 6 , A and B) (48, 49) . This altered pattern of expression was limited to the lung, as we did not observe any significant changes in the expression of these genes in Vhl R/R hearts (data not shown).
Intriguingly, several of these genes, including Serpine1 and Edn1, have been shown to be regulated by the HIF-2α isoform (5, 39) . In contrast, the expression of the HIF-1α-specific target genes aldolase A (Aldoa) and Pgk1 was not significantly changed in Vhl R/R compared with WT lungs (Figure 6, A and B) , although there was a small change in Pgk1 mRNA levels in Vhl R/R lungs at 10 weeks of age ( Figure 6B ). In agreement with this, the HIF-2α protein (and not HIF-1α) was selectively stabilized in Vhl R/R lungs compared with WT controls (Figure 6D) . Importantly, the increase in normoxic HIF-2α levels was smaller than that seen in ES cells deficient for pVHL, emphasizing the more moderate effect of the R200W point mutation on pVHL function. Taken together, these data strongly support the notion that pulmonary hypertension in Vhl R/R mice results, at least in part, from enhanced pulmonary HIF-2α activity.
Polycythemia and pulmonary hypertension in Vhl R/R mice are dependent on increased HIF-2α activity. To further assess the relative contributions of each HIF-α isoform to the development of Chuvash disease, we tested whether decreased expression of either protein could rescue the polycythemic and pulmonary phenotypes. Given that Hif1a -/-and Hif2a -/-mice die in utero or at birth (50), mice heterozygous for either Hif1a or Hif2a were bred to Vhl R/+ mice to generate Vhl R/R Hif1a +/-and Vhl R/R Hif2a +/-mice; mice at approximately 7 months of age were used for experiments. As shown in Figure 7A , Vhl R/R hematocrit levels were significantly greater than those of WT controls, as expected (56.1% ± 0.5% versus 49.6% ± 0.6% in WT mice, n = 7, P < 0.0001). Similarly, the hematocrit of Vhl R/R Hif1a +/-mice was also elevated above WT levels (57.0% ± 1.4%, n = 8, P < 0.0004). However, loss of 1 Hif2a allele in Vhl R/R Hif2a +/-mice resulted in a significant decrease in hematocrit compared with that of Vhl R/R mice (47.0% ± 0.9%, n = 5, P < 0.0001) and restored hematocrit to levels similar to those in WT ( Figure 7A ), supporting the hypothesis that HIF-2α activity is necessary for polycythemia. In accordance with this idea, serum EPO levels in Vhl R/R mice were also reduced to approximately WT levels in the presence of decreased Hif2a, but not Hif1a (Supplemental Figure 4) . Measurement of PA pressure in these mice revealed a similar dependency of the pulmonary hypertension phenotype on HIF-2α ( Figure 7B ). As discussed above ( Figure 1A) , PA pressure was significantly elevated in Vhl R/R mice compared with WT controls (31.8 ± 0.6 mmHg versus 18.3 ± 0.7 mmHg in WT mice, n = 20-23 measurements, P < 0.0001) but was unchanged by heterozygosity for Hif1a (30.0 ± 1.8 mmHg, n = 19, P < 0.0001 compared with WT mice). In contrast, although the PA pressure in Vhl R/R Hif2a +/-mice was still significantly increased over WT levels (24.8 ± 0.6 mmHg, n = 22, P < 0.0001), there was a partial and statistically significant reduction in PA pressure compared with that in Vhl R/R mice ( Figure 7B , P < 0.0001, indicated by asterisks). HIF-2α may also play an important role in the development of RV hypertrophy; RV wall thickness was diminished in Vhl R/R Hif2a +/-mice, but not in Vhl R/R Hif1a +/-mice, compared with Vhl R/R animals ( Similarly, HIF-2α, more so than HIF-1α, appears to be involved in pulmonary vascular remodeling, as shown in Figure 7E . Analysis of α-SMA-stained pulmonary vessels revealed a partial but significant decrease in the proportion of fully muscularized vessels in Vhl R/R Hif2a +/-lungs compared with Vhl R/R lungs (48.4% ± 1.6% in Vhl R/R Hif2a +/-mice, 59.8% ± 3.8% in Vhl R/R mice, 38.3% ± 4.5% in WT mice, n = 4-5, P < 0.03). Furthermore, Hif2a heterozygosity was sufficient to increase the number of nonmuscularized vessels to near WT levels (19.5% ± 1.6% in Vhl R/R Hif2a +/-mice, 12.5% ±2.1% in Vhl R/R
Figure 6
HIF target gene expression is increased in Vhl R/R lungs. (A and B) Pulmonary expression of HIF targets was determined by TaqMan real-time PCR. Many HIF target genes likely to contribute to the Vhl R/R pulmonary phenotype were upregulated, including Serpine1, Edn1, Pdgfb, and Cxcl12, in both older (7-8 months, A) and younger (10 weeks, B) mice. The expression of HIF-1α-specific targets Aldoa and Pgk1 was unchanged in older Vhl R/R compared with WT lungs, whereas the mRNA levels of HIF-2α-preferential genes such as Serpine1 were significantly elevated in Vhl R/R lungs (A and B) (*P < 0.03, **P < 0.007, # P < 0.06). (C) ET-1 protein expression was also increased in older Vhl R/R lungs, as determined by ELISA (3.2-fold, **P < 0.004). (D) HIF-2α protein expression was increased in Vhl R/R lungs compared with WT controls; in contrast, HIF-1α was undetectable in both WT and Vhl R/R lungs. mice, 19.6% ± 4.6% in WT mice, P < 0.03 compared with Vhl R/R lungs). In contrast, the distribution of pulmonary vessels in Vhl R/R Hif1a +/-mice (for fully muscularized, 62.4% ± 1.5%; for nonmuscularized, 5.8% ± 0.8%) remained similar to that of Vhl R/R lungs.
In addition, analysis of pulmonary mRNA levels demonstrated that whereas Hif1a heterozygosity did not significantly alter the expression pattern in Vhl R/R lungs, loss of 1 allele of Hif2a resulted in significant downregulation of several key genes, including Serpine1, Edn1, Pdgfb, Cxcl12, and Retnla ( Figure 7F ; n = 5). We also confirmed that Hif2a mRNA levels were in fact decreased in Vhl R/R Hif2a +/-lungs (Supplemental Figure 5) . This result suggests that many of these genes may be preferentially induced by the HIF-2α isoform and further demonstrates that upregulation of HIF-2α is essential for the development of pulmonary hypertension in Vhl R/R mice.
Many, but not all, Vhl R/R pulmonary phenotypes are dependent on increased HIF-2α activity. Histologic analysis of lung pathology suggested that heterozygosity for either HIF isoform might also partially ameliorate other aspects of the Vhl R/R pulmonary phenotype ( Figure 8A ). Quantitation of hydroxyproline levels revealed that collagen deposition decreased 1.3- to 1.5-fold in Vhl R/R Hif1a +/-and Vhl R/R Hif2a +/-mice, suggesting that both HIF-α isoforms regulate fibrosis ( Figure 8B , 65.21 ± 8.69 μg/lung in Vhl R/R Hif1a +/-mice, 70.75 ± 13.25 μg/lung in Vhl R/R Hif2a +/-mice, 94.61 ± 10.67 μg/lung in Vhl R/R mice, 57.9 ± 10.45 μg/lung in WT mice, n = 4-6). On the other hand, macrophage infiltration was not affected by heterozygosity for either Hif1a or Hif2a ( Figure 8C , 11.9 ± 1.52 macrophages/field in Vhl R/R Hif1a +/-mice, 12.4 ± 1.17 macrophages/field in Vhl R/R Hif2a +/-mice, 13.2 ± 1.70 macrophages/field in Vhl R/R mice, 5.9 ± 0.63 macrophages/field in WT mice, n = 5, P < 0.007 compared with WT controls).
In contrast, however, the hemorrhage and edema phenotypes were partially resolved only in Vhl R/R Hif2a +/-mice, implicating HIF-2α as the more relevant isoform in the loss of endothelial integrity observed in Vhl R/R mice. Whereas the degree of hemorrhage (as determined by hemosiderin staining) was unchanged with Hif1a heterozygosity compared with that in Vhl R/R lungs, the number of hemosiderin-positive cells was slightly reduced in Vhl R/R Hif2a +/-mice ( Figure 8D . Similarly, the edema phenotype was partially rescued in Vhl R/R Hif2a +/-, but not in Vhl R/R Hif1a +/-, mice. As shown in Figure 8E , the number of cells in BAL fluid was signifi-
Figure 7
The polycythemic and pulmonary hypertension phenotypes are dependent on increased HIF-2α activity. (A) Loss of 1 allele of Hif2a, but not Hif1a, restored hematocrit levels in Vhl R/R mice to WT levels (n = 5-8, ***P < 0.0001 compared with Vhl R/R mice). H1+/-, Hif1a +/-; H2+/-, Hif2a +/-. (B) Systolic PA pressure was partially but significantly decreased in Vhl R/R Hif2a +/-mice (n = 20-23, ***P < 0.0001 compared with Vhl R/R mice). (C and D) RV hypertrophy was also decreased in Vhl R/R Hif2a +/-mice (C, arrows, and D, n = 4-6, *P < 0.05 compared with WT hearts). (E) Only heterozygosity for Hif2a resulted in a significant decrease in fully muscularized pulmonary vessels (1.2-fold) and a concomitant increase in nonmuscularized vessels to WT levels (1.6-fold) (n = 4-5 per genotype, *P < 0.03 compared with Vhl R/R lungs).
(F) The expression of HIF target genes in Vhl R/R mice was reduced to nearly WT levels by heterozygosity for Hif2a, but not Hif1a (n = 5, *P < 0.03, **P < 0.008 compared with Vhl R/R lungs). Scale bars: 300 μm.
cantly diminished to nearly WT levels only in Vhl R/R Hif2a +/-mice (211.4 × 10 3 ± 9.9 × 10 3 cells/ml in Vhl R/R Hif2a +/-mice, 307.1 × 10 3 ± 40.2 × 10 3 cells/ml in Vhl R/R mice, 389.4 × 10 3 ± 39.7 × 10 3 cells/ ml in Vhl R/R Hif1a +/-mice, 176.7 × 10 3 ± 22.6 × 10 3 cells/ml in WT mice, n = 5, P < 0.05 compared with Vhl R/R mice). Furthermore, there was also a trend toward a reduction in total BAL protein concentration in Vhl R/R Hif2a +/-mice ( Figure 8F , 0.196 ± 0.017 mg/ml in Vhl R/R Hif2a +/-mice, 0.236 ± 0.015 in Vhl R/R mice, 0.228 ± 0.006 in Vhl R/R Hif1a +/-mice, 0.161 ± 0.011 in WT mice, n = 5). These results, combined with the partial rescue of pulmonary hypertension specifically by Hif2a heterozygosity (Figure 7B ), suggest that hemorrhage and edema may be important factors in driving the increase in PA pressure in Vhl R/R mice.
Discussion
In addition to polycythemia, germline homozygosity for the R200W substitution is associated with development of pulmonary hypertension in patients with Chuvash disease (27, 28) . To gain insight into how this mutation affects pulmonary physiology and to assess the contribution of HIF activity, we made use of our previously generated mouse model of Chuvash polycythemia (45) . Vhl R/R mice also recapitulated the pulmonary hypertension phenotype, developing increased systolic PA pressure similar in magnitude to that seen in humans, as well as enhanced respiration under normoxia and induction of Edn1 mRNA and ET-1 protein in the lung (27, 28) . Altered cardiac and respiratory responses have also recently been described in vhl -/-zebrafish (51); however, this model is limited in its usefulness for studying the specific effects of the R200W mutation on mammalian pulmonary pathologies. Our results further validate Vhl R/R mice as a faithful model of Chuvash disease and support its usefulness for analysis of the pathogenesis of both polycythemia and pulmonary hypertension in humans.
Little is known about the mechanisms underlying the development of pulmonary hypertension associated with the R200W VHL mutation. Analysis of the Vhl R/R phenotype indicated the presence of increased pulmonary vessel muscularization, mild pulmonary fibrosis, edema, hemorrhage, and significant macrophage infiltration, highly similar to the effects induced by chronic exposure to hypoxia (29, 31) . The majority of these pathologies were already present in younger Vhl R/R mice at 10 weeks of age, suggesting that they arise independently due to the effects of the R200W mutation on VHL function. In contrast, increased hydroxyproline content was only observed in older Vhl R/R animals; therefore, fibrosis does not contribute to the initiation of pulmonary hypertension. Rather, fibrosis likely develops in response to hemorrhage, edema, and impaired endothelial integrity and as a consequence of elevated HIF activity in older Vhl R/R lungs. Our data suggest that an HIFmediated increase in pulmonary fibroblasts or myofibroblasts
Figure 8
Some, but not all, Vhl R/R pulmonary phenotypes, are dependent on HIF-2α activity. (A) Representative lung images from each genotype suggest that neither Hif1a nor Hif2a heterozygosity completely restored WT pulmonary architecture (Masson's trichrome staining). (B) Hydroxyproline content was decreased in both Vhl R/R Hif1a +/-and Vhl R/R Hif2a +/-lungs compared with Vhl R/R (n = 4-6 per genotype, *P < 0.02 compared with WT controls). (C) Macrophage infiltration was not significantly affected in either Vhl R/R Hif1a +/-or Vhl R/R Hif2a +/-lungs (n = 5, **P < 0.007 compared with WT). (D) In contrast, only Hif2a heterozygosity resulted in a partial rescue of the hemorrhage phenotype, as quantitated by hemosiderin staining (n = 5-7, *P < 0.01 compared with WT controls). (E and F) Similarly, the number of cells in BAL from Vhl R/R Hif2a +/-lungs was restored to near WT levels, suggesting a rescue of edema (E, n = 5, *P < 0.05 compared with Vhl R/R lungs). There was also a trend toward decreased BAL protein concentration in Vhl R/R Hif2a +/-lungs (F, n = 5, *P < 0.01, **P < 0.003 as compared with WT lungs). Scale bars: 20 μm. induces fibrosis; however, additional work is necessary to fully elucidate this mechanism. There was a progressive increase in the degree of edema, hemorrhage, and inflammation in Vhl R/R animals with age, which ultimately led to a further elevation in pulmonary pressure and compensatory RV hypertrophy. The enhanced severity of pulmonary disease in older mice may result in part from feedback between different aspects of the phenotype. For example, the combination of increased PA pressure and loss of endothelial integrity produces edema and hemorrhage and could potentially enhance macrophage recruitment in response to endothelial injury (30, 52) . Furthermore, infiltrating macrophages can mediate vascular remodeling and fibrosis via the stimulation of fibroblast proliferation, production of collagen, and expression of profibrotic factors (30, (53) (54) (55) . Although lifespan was not significantly different in Vhl R/R mice, a small subset of mutant animals died unexpectedly, suggesting that the progressive nature of this disease could cause lethality. It will be important to determine whether fibrosis, hemorrhage, edema, and inflammation are also prominent pathological features in the lungs of human patients with Chuvash polycythemia and whether inhibition of any of these processes could be of therapeutic benefit.
Similar to humans with Chuvash disease (27) , the R200W mutation also resulted in increased normoxic respiration and decreased PaCO 2 levels in Vhl R/R mice. Unlike in human patients, hypoxic respiratory sensitivity was not dramatically enhanced in mutant animals, possibly due to species-specific differences. However, SaO 2 values declined with increasing hypoxic exposure, indicating that oxygen diffusion is impaired in Vhl R/R lungs, possibly due to obstruction of airspace by fibrotic lesions. This analysis suggests that intact pVHL is necessary for proper respiratory function. This effect may be HIF dependent, as several HIF targets, such as tyrosine hydroxylase (56) and EPO (57) , are involved in the regulation of respiration.
Our findings strongly suggest that the pulmonary pathology in Vhl R/R mice results in large part from enhanced HIF activity in the lung. Many of the genes described here have been shown to be important in pulmonary hypertension in animal models or in human samples (32) (33) (34) (35) (36) (37) ; however, our study demonstrates that the upregulation of HIF targets plays a direct role in the Vhl R/R pulmonary phenotype. For example, activation of ET-1 and PAI-1 would increase vascular resistance and promote pulmonary fibrosis and chronic inflammation (33, 35) . In addition, upregulation of the proinflammatory chemokines SDF-1α and HIMF have been shown to direct the recruitment of circulating monocytes to the lung (47, 49) . HIMF also functions as a vasoconstrictive factor (48) and has been shown to colocalize with HIF-2α in the mouse lung (58). Although it remains formally possible that the R200W mutation disrupts HIF-independent functions of pVHL as well, such as the regulation of ECM assembly (13, (59) (60) (61) and maintenance of intercellular junctions (62), upregulation of HIF activity is likely to be the dominant factor in the development of Vhl R/R pulmonary pathology.
Interestingly, the expression of HIF-1α-specific targets was not changed in Vhl R/R lungs, whereas HIF-2α-regulated genes such as Serpine1 were induced, correlating with the selective stabilization of HIF-2α protein, which is expressed to a high degree in the lung (63) (64) (65) . This finding supports the notion (45) that the R200W mutation preferentially dysregulates HIF-2α and that HIF-2α activity is critical for the maintenance of lung physiology. This idea is further strengthened by the development of pulmonary hypertension in humans with an activating mutation in HIF2A (66) .
The current study may also have implications for our understanding of the relative contributions of the 2 HIF-α isoforms to the regulation of target genes. The induction of several genes in Vhl R/R lungs, including Pdgfb, Edn1, Cxcl12, and Retnla, was abrogated or partially diminished by Hif2a heterozygosity, suggesting that these may represent additional HIF-2α-preferential targets.
More importantly, the finding that heterozygosity for Hif2a, but not Hif1a, partially rescued both the polycythemia and pulmonary hypertension in Vhl R/R mice provides strong genetic evidence that HIF-2α is the more critical isoform in the pathogenesis of Chuvash disease. Hif2a, unlike Hif1a, heterozygosity also protected against most of the other observed Vhl R/R pulmonary phenotypes, resulting in a partial reversal of vascular remodeling and a reduction in hemorrhage, edema, and fibrosis. However, fibrosis was also decreased in Vhl R/R Hif1a +/-lungs despite the absence of any change in pulmonary pressure, again suggesting that pulmonary hypertension in Vhl R/R mice is not dependent on fibrosis. This result also suggests that maximal and possibly cooperative activity of both HIF-1α and HIF-2α is necessary to induce fibrosis in Vhl R/R lungs. Therefore, there may be a subtle increase in HIF-1α expression in Vhl R/R lungs (barely detectable as shown in Figure 6D ), which may contribute to enhanced ECM deposition through the induction of targets such as Edn1, which was decreased in Vhl R/R Hif1a +/-mice ( Figure 7F) ; connective tissue growth factor (Ctgf); lysyl oxidase (Lox) (67); and fibronectin (Fn1). Further supporting this, Fn1 mRNA expression was slightly increased (1.3-fold) in Vhl R/R mice, but was reduced to WT levels in both Vhl R/R Hif1a +/-and Vhl R/R Hif2a +/-mice (data not shown). Of note, the expression of 2 other profibrotic factors, TGF-β1 and TGF-α, was not significantly different in WT and Vhl R/R mice (data not shown).
In contrast to the other phenotypes, macrophage infiltration was still enhanced in Vhl R/R Hif1a +/-and Vhl R/R Hif2a +/-mice. This persistence of inflammation and of some degree of vascular remodeling ( Figure 7E ) may help to explain the remaining increase in PA pressure in Vhl R/R Hif2a +/-mice. The lack of decreased infiltration may indicate that the activity of either HIF-α isoform can promote macrophage recruitment or that the remaining HIF-α expression in heterozygous mice is sufficient to induce pulmonary inflammation. In support of the latter, Retnla mRNA levels in Vhl R/R Hif2a +/-lungs were still higher than in WT controls ( Figure 7F ). In addition, there may also be elevated expression of other cytokines, as we observed a trend toward increased expression of macrophage inflammatory protein-1α (Ccl3) and monocyte chemoattractant protein-1 (Ccl2) in Vhl R/R lungs that was not rescued by heterozygosity for either Hifa isoform (data not shown). The presence of macrophage recruitment even in the absence of significant ECM accumulation might suggest an uncoupling of the fibrotic and inflammatory phenotypes. Alternatively, it is possible that the stimulation of fibrosis by macrophages is dependent on HIF activity within these cells, which would be reduced in Vhl R/R Hif1a +/-and Vhl R/R Hif2a +/-mice.
Another interesting question is the relationship between the polycythemic and pulmonary hypertension phenotypes in Vhl R/R mice and Chuvash patients. Our findings indicate that pulmonary hypertension develops concomitant with, if not prior to, the onset of polycythemia in mutant animals. We hypothesize that these 2 distinct phenotypes arise independently in younger mice as the result of the combined activation of a broad panel of HIF-2α targets. However, each of these diseases could contribute to the progression of the other with increasing age. For example, elevated hematocrits in polycythemic Vhl R/R mice and the subsequent increase in blood viscosity could result in increased PA pressure (68) . Furthermore, this viscosity could also promote edema (68) and hemorrhage, which may in turn stimulate the recruitment of macrophages to phagocytose erythrocytes within the alveolar space. Increased serum EPO levels in Vhl R/R mice may also help to enhance normoxic ventilation (57) . On the other hand, elevated pulmonary resistance results in impaired pulmonary blood flow and decreased cardiac efficiency (31) , which might promote compensatory red blood cell production to ensure adequate oxygen delivery to the body. Therefore, pulmonary hypertension may contribute to the progressive increase in Vhl R/R hematocrit levels in older mice (45) .
Our findings demonstrate that this mouse model of Chuvash polycythemia also faithfully recapitulates the pulmonary hypertension that develops in human patients. Furthermore, the R200W mutation and subsequent increase in HIF activity mimic many of the systemic effects of chronic hypoxic exposure. Additional analysis of the R200W mouse model will help to improve our understanding of the unique effects of this point mutation on pVHL functions, as well as providing insights into the role of HIF in pulmonary physiology and the impact of chronic HIF activation in cardiopulmonary pathology. Moreover, our results suggest that specific inhibition of HIF-2α or the combined inhibition of several of the genes described here may be of therapeutic benefit for the treatment of human Chuvash disease.
Methods
Animals. Vhl R/R mice were generated as previously described (45) . Hif1a +/-and Hif2a +/-mice were provided by Peter Carmeliet of the Center for Transgene Technology & Gene Therapy, Leuven, Belgium. All procedures involving mice were performed in accordance with the NIH guidelines for use and care of live animals and were approved by the University of Pennsylvania IACUC.
Measurement of PA pressure. Following anesthetization with avertin, the trachea was cannulated, and mice were ventilated using a MiniVent Type 845 (Harvard Apparatus). The chest cavity was opened to expose the heart, and a Micro-Tip Catheter Transducer SPR-1000 (Millar Instruments) was inserted into the RV and subsequently threaded into the PA. Systolic PA pressure was then measured, recorded on a PowerLab 4/30 instrument (ADInstruments), and analyzed using Chart 5 Pro software (ADInstruments). The transducer was calibrated prior to obtaining measurements for each mouse, and the quality of the pressure wave was monitored. Pressure measurements associated with heart rates outside the range of 300-500 bpm were excluded from analysis. For each mouse, 2-4 measurements were analyzed, each corresponding to the average of 10-20 individual data points.
Measurement of hypoxic ventilatory responses. Respiration was measured by whole body plethysmography using a 150-ml chamber connected to a pneumotachometer (MLT1L Respiratory Flow Head, ADInstruments). Data were recorded and converted using the PowerLab 8/SP (ADInstruments) and analyzed using Chart 5 software (ADInstruments). The Pegas-400 MF Gas Mixer (Columbus Instruments) was used to expose mice to varying levels of O2 (18%, 15%, or 12%) for 10 minutes at a time, each interspaced with 10 minutes of 21% O2. Respiratory frequency (f, 1/min), VT (μl), and VE (μl/s) were measured. VT and VE were then normalized to body weight.
Arterial blood gas analysis. Arterial blood gas analysis of carotid blood was performed using G3+ cartridges with an i-STAT analyzer (both Abbott Laboratories). For blood SaO2 measurements, mice were anesthetized with ketamine (100 mg/kg)/xylazine (20 mg/kg), and an Animal-Clip Transducer and Oximeter Pod were used to record SaO2 values on a PowerLab 4/30 instrument (all ADInstruments). Two-point calibration (100% and 21% O2) was performed before each animal was exposed to varying levels of oxygen (100%, 21%, 18%, 15%, and 12% O2) as described above. Each hypoxic challenge was interspersed with 2 minutes of 21% O2. SaO2 values represent the average of 3 challenges at each oxygen level for each animal.
BAL analysis. BAL fluid was isolated from lungs as described previously (69) . Total cell number in BAL fluid was quantitated using a Coulter counter (Beckman Coulter), and total BAL fluid protein was measured by using a BCA protein assay kit (Pierce). Hemorrhage was quantified by preparing cytospins of BAL fluid and staining these slides with Prussian blue (Sigma-Aldrich) to identify macrophages with blue granules, indicating the presence of iron. The number of hemosiderin-positive cells was quantitated from 10 high-power fields per slide. BAL neutrophils were scored based on morphology.
Quantitation of OH-proline. Fibrosis was quantitated by determination of whole lung hydroxyproline content. Each mouse lung was weighed and cut into 1-mm-thick sections, dried, and hydrolyzed with 2 ml of 6N HCl at 120°C for 16 hours in sealed glass tubes. The amount of hydroxyproline was then measured as previously described and values corrected for the dilution factor (70) . Commercial hydroxyproline (hydroxy-l-proline, Sigma-Aldrich) was used to establish a standard curve.
Hematological analyses and EPO ELISA. Determination of hematocrit and quantitation of serum EPO levels were performed as previously described (45) .
Tissue preparation and histological analyses. Lungs were inflated to full capacity by intratracheal instillation of 4% paraformaldehyde. The heart and lungs were excised, immersed in 4% paraformaldehyde for fixation at 4°C for a minimum of 24 hours, and subsequently dehydrated in ethanol. Immunohistochemistry was performed as previously described (45) on paraffin-embedded sections of lungs using antibodies to fibronectin (Sigma-Aldrich, 1:400), Mac-3 (BD Biosciences - Pharmingen, 1:25), α-SMA (Sigma-Aldrich, 1:500), tenascin-C (Millipore, 1:20), CD68 (Abcam, 1:300), and mast cell tryptase (Abcam, 1:200). Staining for SP-B and SP-C was performed by the University of Pennsylvania Mouse Cardiovascular Physiology and Microsurgery Core. Masson's trichrome staining and Prussian blue staining (both Sigma-Aldrich) were performed according to the manufacturer's protocols. Transmission EM analysis was performed by the University of Pennsylvania Biomedical Imaging Core Laboratory following fixation of lung sections in 4% paraformaldehyde and 1% glutaraldehyde. The number of macrophages was quantitated from 10 independent high-power fields per slide. RV wall thickness was quantitated using NIH ImageJ software (http://rsbweb.nih.gov/ij/).
Morphometric analysis of pulmonary vessels. Vessel muscularity was determined using α-SMA-stained lung sections, with 15-20 fields and at least 100 vessels scored per animal. Each vessel was categorized as fully muscular (completely surrounded by α-SMA staining), partially muscular, or nonmuscular (no α-SMA staining), and values were expressed as the percentage of total vessels. Percent medial thickness was determined using NIH ImageJ software on these same slides using a previously described method (71) . Alveolar size was assessed using a modified version of the mean linear intercept method (72) , in which a grid with 36 intercepts was overlaid onto digital images of lung sections. Each intercept was scored for the presence of either airspace or alveolar septa from at least 3 slides per animal and expressed as the percentage of total intercepts. mRNA and protein analyses. Total RNA isolation, cDNA synthesis, and TaqMan real-time PCR were performed as previously described (45) . Whole lung protein extracts were isolated in a buffer containing Tris pH 8.0, CaCl2, and NP-40 using a tissue homogenizer (IKA Labortechnik) followed by centrifugation. Western blot analysis was performed on supernatants using antibodies for murine HIF-1α (73), murine HIF-2α (R&D Systems), and eEF2 (Cell Signaling Technology) to control for loading as previously described (45) . Total lung ET-1 protein content was determined on homogenized lung samples using an ELISA kit (R&D Systems) according to the manufacturer's specifications.
Statistics. Statistical analyses were performed for selected pairs using
Bonferroni's test or unpaired Student's t tests. One-tailed t tests were used for comparison of 7-month-old Vhl R/R and WT PA pressure and pulmonary gene expression and for ET-1 and serum EPO ELISAs; 2-tailed t tests were used for all other analyses, including those involving Hifa heterozygous mice. P values of less than 0.05 were considered statistically significant. Mean results are shown; error bars represent SEM.
